Surfactants are a surface-active group of molecular compounds with hydrophobic and hydrophilic moieties in one single molecule that distributes themselves between two immiscible fluids, reduce surface/ interfacial tensions and cause the solubility of non-polar compounds in polar solvents. Besides surface and interfacial activities, they display properties such as solubilization, detergency, lubrication, emulsification, stabilization and foaming capacity. Microbiologically derived surfactants are called biosurfactants. They are produced as either metabolic products or as the surface chemistry of an actual cell. The employment of screening techniques such as surface tension measurements, drop collapse test, oil spreading assay, emulsification index (%EI24), cetyltrimethylammonium bromide (CTAB)/methylene blue agar plate test and strain characterization. Others are analytical techniques including liquid chromatography-mass spectroscopy, thin layer chromatography, high-performance liquid chromatography, Fourier transform infrared spectroscopy, nuclear magnetic resonance, fast atom bombardment-mass spectrometry and electrospray Fenibo et al.; JAMB, 18(3): 1-22, 2019; Article no.JAMB.51198 2 ionization-mass spectrometry. These have led to the identification of biosurfactant producing microorganisms, properties and characterization of biosurfactants. Therefore, this review tends to provide the current knowledge of the screening techniques and chromatography/spectroscopic tools employed to study biosurfactants. Results from a detailed study of these tools can unveil new surfactant producing microorganism, decipher chemical diversity and multifunctional properties of biosurfactants critical for applications in diverse industrial sectors.
INTRODUCTION
Surfactants are a group of molecular compounds with hydrophobic and hydrophilic moieties in one single molecule and tend to distribute themselves between two immiscible fluids, reduce surface/interfacial tensions (ST/IFT) and cause the solubility of non-polar compounds in polar solvents [1, 2] . They display properties such as solubilization, detergency, lubrication; have stabilizing and foaming capacity [3, 4] . Surfactants are either produced chemically or biologically. The biologically derived surfactants are known as biosurfactants (BSs) since they are produced from living entities especially microorganisms. These molecules are produced as metabolic products or the surface chemistry of the cells themselves [5] . Majorly, BSs are produced from aerophilic microbes in aqueous media with carbon source feedstock such ashydrocarbons, carbohydrates, fats and oil which are mostly from bacteria genera (Pseudomonas, Bacillus and Acinetobacter), fungi genera (Aspergillus and Fusarium) and yeast (Candida and Pseudozyma) [6] . The most common BSs are rhamnolipids, surfactins, sophorolipids, emulsans, mannosylerythritol lipids. These surface-active compounds play a physiological role for the benefit of the BSs producing microorganisms to grow on waterimmiscible substrates, ensure exponential biomass increase, exhibit antimicrobial activities against possible predators, make them survive inhospitable environmental conditions, virulence and cell desorption for survival [7] The physiological roles differ with the class a particular biosurfactant belongs to.
Broadly, biosurfactants are grouped into low and high molecular weight (LMW and HMW) biosurfactants. The LMW-BSs lower ST and ITF while the HMW-BSs are more of emulsionstabilizing agents. Glycolipids, lipopeptides and phospholipids belong to the LMW biosurfactants while the HMW biosurfactants are particulate and polymeric [8, 9] Based on chemical composition, biosurfactants are grouped into glycolipids (rhamnolipids, sophorolipids, trehalolipids, mannosylerithritol lipids), lipopeptides (surfactin, lichenysin, iturin, fengycin, serrawettin), fatty acids/phospholipids/neutral lipids (phosphatidylethanolamine, spiculisporic acid), polymeric biosurfactants (emulsan, alasan, biodispersan, liposan) and particulate biosurfactants (vesicles, whole-cell) [10] [11] [12] . This classification is made possible by chromatographic and spectroscopic studies. Studies conducted with these analyses had proven the hydrophobic moiety of BSs to be a long-chain fatty acid while the hydrophilic component could either be alcohol, amino acid, carbohydrate, phosphate, carboxyl acid or cyclic peptide [13] .
These components of the biosurfactants elicited in the supernatant are subjected to different surfactant activity tests which include hemolytic activity test, ST measurements, drop collapse test, oil spreading assay, emulsification index (%EI24), CTAB/methylene blue agar plate test and strain characterization [14] [15] [16] [17] [18] . In an optimum environmental condition (including availability of carbon and other nutrients sources) a competent microorganism can yield enough biosurfactants in a bioreactor which can be extracted by several available options (acetone precipitation, ethanol precipitation, acid precipitation, solvent extraction technique, etc.) which can be purified by either dialysis/lyophilization, thin layer chromatography or isoelectric focusing [19] [20] [21] [22] . Purified biosurfactants can be characterized using nuclear magnetic resonance (NMR), liquid chromatography-mass spectroscopy (LC-MS), high-performance liquid chromatography (HPLC), Fourier transform infrared spectroscopy (FT-IR) [19, [23] [24] [25] . The employment of these techniques has led to the identification of novel biosurfactant producing microorganisms and uncommon biosurfactants as reportedin scientific literature. Therefore, the purpose of this review is to provide current knowledge on biosurfactantproducing microorganisms, the screening techniques and the chromatography/ spectroscopic tools employed to study biosurfactants.
BIOSURFACTANTS
Biosurfactant is a portmanteau word that means surfactant from biological origin. Surfactant represents a group of molecular compounds made up of tensio-active agents incorporated with both hydrophobic and hydrophilic components that reduce ST and ITF by being distributed at the adjoining point of the two immiscible fluids, thereby causing the solubility of one of the fluids in the other [2, 18] . Their ability to reduce ST and IFT in most cases is accompanied by detergency, lubrication, solubilisation and phase dispersion [4] . Therefore, from a technical point of view, biosurfactant represents surface-active agents which are either metabolic products produced by cells or the surface chemistry of the actual cells [5] with an amphiphilic property that enable them to shape micelles that collect at the interface between fluids of varying polarities with ultimate reduction of pressure and interfacial tension pressure [26] . They are different from synthetic surfactants in that they are non-toxic, biodegradable, specific and tolerant to extreme conditions [9], majorly produced by aerophilic microorganisms in aqueous media with either carbohydrates or hydrocarbons or fats, and oils as carbon source feedstock. These BSs are mostly from bacteria, fungi and yeast [6, 27] 
FACTORS AFFECTING BIO-SURFACTANT PRODUCTION

Biosurfactant Production
Factors
Affecting Biosurfactant Production
Nutrient factors and salt concentration
Carbon sources do influence the quantity and quality of BS production [45] . Crude oil, diesel, sucrose, glucose, glycerol are good carbon sources for BS production [7]. However, researchers are now focusing attention on the use of wastes to cut down the cost of downstream processing.
Nitrogen is a limiting nutrient and it is essential in the formulation of medium for BS production because it is very critical for microbial growth, protein and enzyme syntheses. Yeast, meat and malt extracts, urea, peptone, ammonium sulphate, nitrate and sodium nitrates are common nitrogen sources used in BS production [7, 46] . Phosphate is also very important for the growth of microorganisms. It is usually provided in triphosphates form. Maqsood and Jamal [47] reported that cultivation of gram-negative bacterium on ethanol with a low phosphate concentration yielded a maximum concentration of rhamnolipids. A mutant strain of P. aeruginosa (mutation caused by N-methyl-Nnitrosoguanidine) in a study produced 10 times more of rhamnolipid in comparison to the parental strain at 200 rpm/37ºC [48] . Salt concentration is expected to influence BS production since cellular activities of microorganisms are affected by salt concentration [49] . Md [7] noticed in their study that some biosurfactant products were not affected by salt concentrations up to 10% (weight/volume), though a slight reduction in the critical micelle concentration (CMC) value was detected. A range of 1-10% of NaCl concentration has been proven to have an optimal influence on Pseudomonas aeruginosa, which produces rhamnolipids [49, 50] . Table 2 shows the optimum conditions under which some microorganisms produce maximum yield of BSs.
Environmental factors
Environmental factors are extremely important because it affects the characteristics and output of BS. To obtain an appreciable yield of BS, it is vital to optimize the bioprocess as the product may be susceptible to changes in pH, temperature, agitation speed or aeration.
Temperature between 25-37°C influences the growth of biosurfactant producing organisms [51]
A pH of culture medium around 8 has been reported to enhance the best production of biosurfactants [31] However, Jagtap et al. [52] reported the optimal pH to be 7 for most microorganisms. Bacteria tend to do best at alkaline pH while yeast and fungi thrive best in acidic condition, but there are some exceptions. For instance, Yarrowia lipolytica experience its optimal growth at pH 8 Aeration and agitation are very important factors that influence BS production since they both facilitate oxygen transfer into the culture medium [26] . Adamczak and Bednarski [46] demonstrated that improved yield value of BS (45.5 g/l) was achieved when the air-flow-rate was 1 vvm and the dissolved O 2 concentration was sustained at 50% saturation. Agitation of between 120 rpm to 200 rpm is most common in microbial growth studies [55, 56] . It is safe to conclude that incubation period remains the most unpredictable.
PROPERTIES OF BIOSURFACTANTS
Biosurfactants properties such as ST reduction, detergency, emulsifying capacity, foaming capacity, stabilizing capacity, low-CMC and solubility, are key in performance evaluation of BS and selection of microorganisms with BS producing potentials [57] Though chemical composition diversity and properties may differ, some properties are common to most of the biosurfactants [58]. 
Surface and Interface Activity
Tolerance to pH, Ionic Strength, Temperature
Many BSs and their surface activities are not much affected by environmental parameters such as pH and temperature. For example, the lipopeptide produced by Bacillu licheniformis JF-2 was tolerant to a temperature of 75°C for up to 140 hours and a pH range of 5-12 [4]. Biosurfactants also tolerate high salt concentrations up to 5 times the concentration (2%) that could inactivate synthetic surfactants [21] . A lipopeptide from B. subtilis was subjected to different extreme conditions (autoclaving condition (121°C/15 minutes), -18°C for 6 months, varying pH between 5-11 and 20% NaCl concentrations) without losing its surface activity property [26] . Mukherjee [58] demonstrated that a BS produced by Arthrobacter protophormiae withstood a temperature of 30-100°C and a pH of 2 to 12. Since industrial processes pass through extreme pH, temperature, and pressure [2], it is expedient to use biosurfactants in industries that require extreme conditions.
Biodegradability and Low Toxicity
Microbial surfactants, like other microbiologically derived compounds, can be easily degraded unlike the synthetic surfactants so they can be applied in bioremediation, biosorption and waste management [68, 69] . Though very little data are available that give credence to BS toxicity, they are generally accepted as non-toxic, proving they can be used in health-related industry [26] The latter author disclosed that Corexit (a synthetic anionic surfactant) is ten times more lethal than rhamnolipids through the use of LC 50 test against Photobacterium phosphoreum. This signifies that Corexit is far more toxic than rhamnolipids and possibly the comparison will be so between synthetic surfactants and microbial surfactants. A comparative study between biosurfactant from P. aeruginosa and a popular industrial synthetic surfactant revealed that the synthetic surfactants are toxigenic and mutagenic unlike the biosurfactants [26].
Physiological Properties
Microbial surfactants are secreted either extracellularly or attached to parts of cells during growth on hydrophobic substrates. Biosurfactants:
I.
Allow microbes to grow on waterimmiscible substrates by reducing the surface tension at the interface, thereby making substrates/nutrients soluble for uptake, which is necessary for metabolism. II.
Ensure exponential biomass increase needed by microorganisms by way of making soluble hydrocarbons as carbon substrates and energy source and also utilizing the biosurfactants themselves. III.
Modify bacterial cell surface properties.
Kaczorek 
BASIC ANALYSIS IN BIO-SURFACTANT STUDY
Biosurfactant Screening Methods
Isolates (or supernatants) that exhibit good growth are subjected to various biosurfactants activity tests (Table 3) Each of these steps is described in Table 4 .
Estimation of Biosurfactant Activity
Biosurfactant activity can be estimated by measuring its ability to change ST and hydrophilic-lipophilic balance (HLB). When a significant amount of (bio) surfactant is introduced into a liquid system, a critical value (CV) is reached where the ST decreases no further. Above this CV, biosurfactant monomers aggregate to form bilayers, vesicles and micelles. This CV represents CMC which can be measured. Reduction of ST, IFT and CMC values can be measured. A new surfactant is usually compared with a surfactant of known HLB value to predict its property. The HLB value is between 0 and 20 [83] . The HLB can be calculated as follows:
Where MWHP stands for the molecular weight of the hydrophilic moiety, and MWSA stands for the molecular weight of the whole surfactant. The HLB value provides grounds for prediction of a surfactant or biosurfactant property as depicted in Table 5 .
CRUDE EXTRACTIONS OF BIO-SURFACTANTS
A good number of methods exist for extracting biosurfactants among which are centrifugation, acetone precipitation, ethanol precipitation, acid precipitation, ion-exchange chromatography, adsorption-desorption, filtration and precipitation, foam fractionation, isoelectric focusing, ultrafiltration, dialysis and lyophilization and solvent extraction [20] Solvent extraction will be explained here while others are summarized in Table  6 . The hydrophilic moieties of biosurfactants are soluble in non-polar solvents which make the extraction easy. Organic solvents such as chloroform, methanol, butanol, hexane, acetic acid and isopropanol are commonly used for biosurfactants extraction. To execute solvent extraction, the microorganisms is cultured in MSM broth for an optimum incubation period on a shaker at 120 rpm at 37°C, centrifuged at 15 x 10 3 rpm for 15 minutes at 4°C. The supernatant is then treated with concentrated HCl until the pH is two; and left for 24 hours at 4°C. After 24 h centrifuge the acidified supernatant at 15 x 10 3 rpm for 15 minutes at 4°C and collect grey white precipitate that will be formed for further extraction of the biosurfactants. Chloroform and methanol in the ratio (2:1 v/v) should be added to precipitate the pellet and incubate at 30°C for 15 minutes. Then centrifuged for 20 minutes under cooling conditions and allow supernatant to evaporate by air drying. Dispense the product in sodium phosphate buffer (pH 7) and stored at 4°C [42].
PURIFICATION OF BIOSURFACTANTS
There are good numbers of biosurfactants purification techniques, but the common ones are discussed here.
Thin-layer Chromatography
Thin-layer chromatography is a method used for the exploratory characterization of BSs. A part of the crude BS is separated on a silica-gel-plate using chloroform: methanol: water (10: 10: 0.5 v/v/v) mixture. The type of biosurfactant is characterized by utilising a developing solvent system with different colour developing reagent like ninhydrin. This reagent is applied to detect lipopeptide as a red spot, produced by biosurfactant [84] Sumaiya et al. [85] carried out TLC analysis and spotted sediments recovered from extracted biosurfactants on a TLC plate and sprayed with phenol sulphuric acid reagent. Brown spots were developed with an Rf value of 0.65 which indicates lipopeptide. Rhamnolipid was the standard biosurfactant they used.
Dialysis and Lyophilization
Dialysis and lyophilization method is easy and cost-effective and widely exploited to enhance the purity of biosurfactant by using seamless cellulose dialysis bags.
The collected precipitate containing the biosurfactant is dissolved in 5 -10 ml of sterile distilled water and dialyzed against double distilled water for 48 hours at 10°C. The dialysate is stored at 4°C in an airtight container for further use [20] . Adapted from [83] 
Isoelectric Focusing (IEF)
Isoelectric focusing (IEF) is one of the new approaches used for purification of biosurfactants. Its unit comprises of a single column, filled with density gradient solutions, electrolyte and non-ion conducting polymers. In the presence of electric influence, pH, density gradient, the ampholyte moves in the column until it reaches a neutral pH. The columns help to segregate fractions based on changes in pH. Once total separation occurs, electro-focusing is discontinued and the activity of purified BE is compared with the crude form [20]. This procedure requires 10-12 hours at 400 V and a current of 1.5 A [86] .
Table 6. Selected techniques for biosurfactants extraction
Method
Description Reference Acetone precipitation Culture is grown in a mineral salt medium supplemented with required constituents. Cell-free supernatant is mixed with ice-cold acetone to precipitate biosurfactants which is further suspended in phosphate buffer. Then mixture is incubated at 4ºC for 15 -20 h to get the precipitated biosurfactants.
[87]
Ethanol precipitation
Culture broth is centrifuged at 11,000 x g for 20 minutes at 4°C and biosurfactant is precipitated from the supernatant by using cold ethanol.
[88]
Acid precipitation
Acid hydrolysis is carried out by adding concentrated HCl to the supernatant to bring down the pH to 2 for the precipitation the biosurfactants at 4°C. Centrifugation is followed and the pellet is further extracted by using appropriate solvent. Extracted material is filtered for removal of residues and evaporated to dryness using rotary evaporator.
[21]
Centrifugation Following acid precipitation, biosurfactants-containing broth can be centrifuged at 12,000 rpm for 15 min at 4ºC to be easily collected as crude product. Once the pellet is obtained, it can be dried under N2 and extracted with solvents.
Ammonium sulphate precipitation
This method is used to precipitate high molecular weight biosurfactants such as emulsan, biodispersan. In this case the biosurfactant is precipitated by salting out process and the product is purified by dialysis procedure and lyophilized
[19]
Ion exchange chromatography
This method is carved out for anionic biosurfactants. Ion exchange resin is used to attract the biosurfactants at higher pH. The biosurfactant is eluted with a buffer containing 10% (v/v) ethanol. Addition of a minimum of 0.6 NaCl to the buffer releases the biosurfactant from the resin
[20]
Adsorptiondesorption
Cell-free supernatant is added directly to the adsorbent column and 0.1 M phosphate buffer (pH 6.1) is used to equilibrate it. Exhaustion of the adsorbent resin is observed by ultra violet (U.V.) absorption. A wash of distilled water is given to the resin for removal of pigments and free fatty acids. Further, elution is carried out with methanol, which can be evaporated to obtain crude biosurfactants.
[89]
Foam fractionation Foam is collected through fractionation column and acidified with HCl down to pH 1.0 -2.0 to precipitate biosurfactants, which can be extracted with solvents. High yield of biosurfactants can be achieved by increasing the residence time of foam in the fractionation columns
Filtration and precipitation
Precipitation was carried out with ethanol, acetone, ethanol acetic acid (1%)/5 N HCl in an equal volume of culture liquid. Extraction was performed twice to enhance the yield of biosurfactants 
CHARACTERISATION OF BIO-SURFACTANTS
There are many chromatography and spectroscopic methods used to characterize biosurfactants common among them are thin chromatography (TLC), Nuclear magnetic resonance (NMR), liquid chromatography-mass spectroscopy (LC-MS), Fourier transform infrared spectroscopy (FT-IR), high-performance liquid chromatography (HPLC). Each technique has its own strength and drawbacks as indicated in Table  7 . Liquid chromatography-mass spectroscopy is the most commonly used instrument [23] 
Spectroscopy Methods
FT-IR can elucidate some components of an unknown mixture based on functional groups. In the process, 1 mg of purified biosurfactant (dried in freeze dryer) is ground with potassium bromide (100 mg), pressed for 30 s to achieve translucent pellets. Then analyze in an FT-IR device with the spectrum ranging from 450 -4000 cm−1 at a resolution of 4 cm −1 [16, 90] NMR provides information regarding the functional groups about the position of linkages within the lipid and carbohydrate molecules. This is based on transitions in atoms with a magnetic moment when an external magnetic field is applied. Smyth et al.
[91] characterized glycolipid biosurfactant using NMR.
Fast atom bombardment-mass spectrometry uses a high energy beam of xenon atom and caesium ions to stammer the sample and matrix (m-nitrobenzyl alcohol) from the probe's surface. Usually, the biosurfactants are dissolved in methanol, mixed with matrix [20].
Electrospray ionization-mass spectrometry is a soft ionization method used for the production of gas-phase ions for biological molecules with high molecular weight. It is so flexible that it can be 
Chromatography Methods
Liquid chromatography-mass spectroscopy (LC-MS) analysis of biosurfactants requires an initial purification by removing the worst interferences and also to concentrate the sample to a significant quantity [23] . The LC-MS utilizes differences in hydrophobicity to achieve partitioning between a non-polar stationary phase and a polar mobile phase. The LC-MS technique is highly efficient in purifying and separating lipopolysaccharides (LP) congeners. Liquid chromatography-MS is best suited for a characterizing an unknown lipopolysaccharide.
Gas chromatography-mass spectroscopy (GC-MS) is used in characterizing biosurfactants where the mass spectroscopy measures the MW of the compound. For this device, the sample needs hydrolytic cleavage between the peptide/protein or carbohydrate/lipid portions present in the biosurfactant. The GC-MS results are analysed by fatty acid derivatization to fatty acid methyl esters (FAME) and further conversion to trimethylsilyl (TMS) derivatives [19] . 
Lipopeptides and lipoproteins
This class of BSs, in general, comprises of cyclic peptides connected to a fatty acid. cyclic-lipopeptides are formed of three categories: fengycin, iturin and surfactin [2] Surfactin is the most studied among them. Structure of surfactin is made up of 7 amino acid cyclic peptide connected to a C13 acid, whereas iturin consists of 7 amino acids linked to C14-C17 and fengycin is composed of 10 amino acids with a fatty acid chain length of C14-C18 [105] . Other examples of lipoprotein include viscosin, lichenysin, serrawettin, gramicidin, polymyxin [106] .
Fatty acids and lipids (Phospholipidsand neutral lipids)
Many bacteria and yeasts yieldappreciable amounts of these molecules during their growth on n-alkanes. The HLB these molecules relate to the hydrocarbon chain length in direct proportion [45] . In sp., phosphatidylethanolamine rich vesicles are synthesized and form optically clear micro-emulsions of oil Phosphatidylethanolamine synthesized by erythropolis while growing on n-alkane, lowers the IFT between hexadecane and water to less than 1 mN/m and a CMC less than 30 [9]. 
Lipopeptides and lipoproteins
This class of BSs, in general, comprises of cyclic peptides connected to a fatty acid. Bacillus lipopeptides are formed of three different categories: fengycin, iturin and surfactin [2] Surfactin is the most studied among them. Structure of surfactin is made up of 7 amino acid cyclic peptide connected to a C13-C16 fatty acid, whereas iturin consists of 7 amino acids and fengycin is composed of 10 amino acids with a fatty acid chain length of C18 [105] . Other examples of lipoprotein include viscosin, lichenysin, serrawettin,
Fatty acids and lipids lipids)
Many bacteria and yeasts yieldappreciable amounts of these molecules during their alkanes. The HLB these molecules relate to the hydrocarbon chain Acinetobacter sp., phosphatidylethanolamine rich vesicles are synthesized and form optically emulsions of oil-in-water. synthesized by R.
alkane, lowers cane and water to less than 1 mN/m and a CMC less than 30 [9].
Polymeric and particulate biosurfactants
The best-studied polymeric BSs are emulsan, alasan, liposan, lipomanan and some other lipopolysaccharide and polysaccharide protein) complexes. The lipopolysaccharides consist of lipid component, a core polysaccharide and O-specific side chain polysaccharide bond together by covalently. Emulsan is an effective emulsifying agent for oil in-water, even at a very low concentration. Liposan is an extracellular water emulsifier from Candida lipolytica of carbohydrate and 17% of pro Extracellular membrane vesicles (particulate BSs) can form microemulsions by partitioning hydrocarbons. These microemulsions aid alkane metabolism by microbial cells [9] Vesicles of Acinetobacter spp. having a diameter of 20 nm and a buoyant density of 1.158 g/cm, were screened to possess protein, phospholipids and lipopolysaccharides. 
ADVANTAGES AND DIS ADVANTAGES OF BIOSURFACTANTS
Biosurfactants has its merits and draw backs as reflected in Table 9 .
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